In speech, air is driven through the larynx by compression of the lungs. Thereby, air flows through the glottis which forces the vocal folds to oscillate which in turn results in a pulsating air flow. This air flow is the main source of the generated sound-the phonation. The acoustic wave then passes through the vocal tract, which acts as a filter modulating the propagated sound leaving the mouth. We model the fluid-structureacoustic interaction with a so called hybrid approach. The air flow in the larynx, together with a prescribed vocal fold motion, is simulated with help of the open source solver OpenFOAM. Based on the resulting fluid field, acoustic source terms and the wave propagation is calculated within the finite element solver CFS++. Two methods are available to choose from, Lighthill's acoustic analogy and an aeroacoustic analogy based on a perturbation ansatz. Additionally, the simulation domain is extended by a realistic but geometrical fixed vocal tract and connected to a propagation region. The different acoustic approaches are compared, by analysing the acoustic pressure in the glottis (source region) and outside the vocal tract. Moreover, to illustrate the effects of the vocal tract an alternative geometry is used for comparison.
Introduction
Human phonation is an aeroacoustic phenomena occurring in the larynx. Vocal folds contract closing the glottis and as the lungs compress pressure increases until the generated force acting on the vocal folds forces them to open. As the vocal folds are open, the upstream pressure reduces and vocal folds close again. This cycle repeats and thereby generates a pulsating air flow, which is the main acoustic source. For human to make a specific tone the acoustic signal is modulated by the vocal tract, which acts as a filter. Depending on the geometry, which can be changed, e.g., tongue position, different sounds can be generated.
To get a better insight in this physical phenomena of fluid mechanics, solid mechanics and acoustics, we present a numerical approach based on partial differential equations. Our main focus is the aeroacoustics and the comparison of two hybrid methods-Lighthill's acoustic analogy which results in the wave equation and the perturbed ansatz resulting in the linearised perturbation equations. We perform fluid simulations, based on the incompressible Navier-Stokes equations, to calculate the flow inside the larynx with vibrating vocal folds (prescribed motion) and use the results as input for the two aeroacoustic approaches to determine the source terms. Additionally, a vocal tract and a radiation region are added to analyse their influence onto the acoustic pressure. In a final simulation a different vocal tract model is used for comparison.
Methodology Geometrical Model
The geometrical model we use consists of the larynx, the vocal tract and an extension region to monitor the radiated sound from the mouth. The 2D section of the laryngeal model is depicted in figure 2a . Thereby, the vocal folds are modelled by the parametric shape "M5" proposed by Scherer et al. [1, 2] and are T VF = 7.3 mm thick (physiologically, the inferior-superior dimension), H = 5.5 mm high (medial-lateral dimension, normal to the sagittal plane) and L = 12 mm in depth (anterior-posterior dimension, normal to the coronal plane, not seen in Fig. 2a ). The subglottal channel length was set to T 0 = 0.4 T VF , the supraglottal channel length is T 1 = 5.4 T VF . Additionally, the vocal folds vibrate symmetrically in the medial-lateral direction with a frequency of f = 100 Hz, leaving a minimum glottal gap g min = 2 · 0.1 mm and maximum glottal opening g max = 2 · 0.9 mm. The larynx is the only region in which the fluid simulation is performed, since the length of the laryngeal model is sufficient to capture the penetration depth and decay of the jet.
The vocal tract model is directly attached to the larynx and consists of multiple frustum concatenated one after another. The number of frustum and their radius determines the resulting sound radiating from the artificial mouth. To simulate a realistic model these dimension were taken from works of Story et al. [3] , who acquired 3D vocal tract shapes of particular vowels and consonants by means of magnetic resonance imaging (MRI). Thereby, 18 vocal tract configurations were discussed, each being divided up in single segments with a length of about 3.97 mm. Two of theses shapes are used in this work, representing the sounds /i/ ("heed") and /u/ ("who"). The vocal tract for /i/ consists of 44 segments and for /u/ of 46 segments resulting in a length of approximately 17.5 cm and 18.25 cm, respectively. The area of the vocal tracts segments as a function of distance from the larynx for both models are plotted in Fig. 1 ([3] ). For the /u/ case the geometry and the mesh for the acoustic simulation is shown in Fig. 2b . To simplify the fluid simulations, the laryngeal geometry is represented by a simple rectangle channel and the vocal tract geometry is attached onto the larynx model. This differers from the measured shape of Story et al. [3] and introduces an error which will be discussed in the according section. At the end of the vocal tract, the mouth, an acoustic propagation region is added to capture the effect of an impedance jump due to the transition from the relative small volume of the vocal tract to an open domain. 
Computational Fluid Dynamics
As the Mach number in normal speech is Ma < 0.3, we model the flow by the incompressible Navier-Stokes equations
where u, p and ρ are fluid velocity, pressure, and density, respectively, and ν is the kinematic viscosity.
To mimic a realistic physiological condition a constant pressure difference is set to Δp = 300 Pa, between inlet Γ in and outlet Γ out . Additional boundary condition for the vocal fold interface Γ VF and the channel wall Γ wall are given by the following set of equations,
In (4), d VF is the prescribed displacement of the vocal folds and together with (3) describes the no-slip condition on all surfaces. Due to the presence of large vortical structures convected downstream of the glottis up to the outlet of the computational domain and consequent backflow to the domain destabilizing the numerical solution, it was necessary to introduce a stabilized outflow condition at Γ out : ∂u/∂n = 0 when velocity direction points outward of the domain, and u = 0 otherwise.
To numerically solve the airflow through the larynx with moving vocal folds, the solver OpenFOAM [4] was applied, which is based on a cell-centred finite volume method. A grid study was performed, which resulted in 2.3M finite volumes to resolve the flow. Further details and precise description of the presented method and results concerning fluid mechanics is published byŠidlof et al. [5] .
Computational Aeroacoustics
In our application the acoustic domain Ω A can be split into two subdomains. The first subdomain is the source region in which the flow induced sources and propagation are determined. Since the fluid simulation is limited to the larynx, this is the only source region we consider. The fine grid of the fluid simulation is unnecessary for the acoustic calculation and therefore a coarser grid is used, as shown in Fig. 2b , with a characteristic length of 2 mm. According to [6] , this leads to a correct frequency resolution of up to 8.5 kHz, as 20 finite elements per wave length are required. To acquire the source terms on the coarse grid they are conservatively interpolated from the fine grid, to preserve the acoustic energy. The second domain is the propagation domain which does not have any source terms and consists of the vocal tract model and a radiation region.
In the upcoming section two approaches are shortly presented for determining source terms and acoustic propagation in a hybrid approach. The finite element method is employed to solve the partial differential equations, which will not be covered here, but according references will be given for a detailed method description.
These hybrid approaches may be applied, since we assume minor back reaction of the acoustic field onto the flow field. It has the advantage that the acoustic propagation region, e.g. vocal tract, may be varied while the sources based on the flow field are kept the same. Therefore, we only need one flow simulation to determine the source terms and based on it are able to perform multiple acoustic simulations, each carried out on a different geometry for the acoustic propagation region.
Lighthill acoustic analogy
Based on the equation of continuity and an approximate equation of momentum, Lighthill [7] derives the wave equation 1 c 2
with the speed of sound c, the acoustic pressure p and T the Lighthill tensor
Reynolds stress
which is the source term for the wave equation. In (7), ρ is the acoustic density. For high Reynolds number the viscous stress may be neglected ( [7] ) and the heat conduction may also be neglected since in regions of ambient temperature the contribution of heat conduction is of the same order as the viscous term. This leads to the approximation
According to Lighthill [7] , his derivation assumes a scenario in which the source region is surrounded by a large volume of fluid at rest. Inside the source region this formulation also contains non acoustic components such as vorticity or entropy sources, which do not propagate into the far field. Therefore, the method is unsuited for determining the acoustic pressure inside the flow domain, as we will show in the result section Sec. 3.2.
To damp out any acoustic waves leaving the simulation domain, i.e. at the inflow and the surroundings of the propagation region, a perfectly matched layer (PML) techniques is applied ( [8] ) which prevents any unwanted acoustic reflection. For further details and numerical implementation, we refer to [6] .
Acoustic perturbation equation
For aeroacoustic computations including mean flow effects we utilize a set of perturbation equations (PE), given by
which is valid for incompressible CFD data. In (9) u is the acoustic particle velocity andū the mean fluid velocity. A detailed description of the stabilized finite element formulation of (9) has been done by Hüppe et al. [9] and is implemented in our finite element solver CFS++. The given partial differential system is very similar to the so called APE-2 formulation by Ewert et al. [10] . Similar formulations based on the perturbation ansatz are given e.g. by Seo and Moon ( [11, 12] ) and Munz et al. [13] . As with the wave equation, acoustic waves leaving the simulation domain are damped out by a perfectly matched layer (PML). For details on PML in combination with the system of acoustic conservation equations we refer to [14] .
Result and Discussion

Fluid Mechanical Results
The results of the coronal midplane at four time steps, representative for a complete cycle, is demonstrated in Fig. 3 . The velocity field is visualized by vorticity isocontours. Clearly visible is the glottal jet which dominates the supraglottal flow field. As the vocal folds open it accelerates into the supraglottal region, with vortical structures appearing due to shear layer instabilities. The jet tends to skew as it interacts with large-scale vortices. Further downstream, the jet loses its planar character, disperses and forms complex 3D structures. As the vocal folds close, the jet reduces its penetration depth, preventing new vortices to form as existing ones dissipate. This results in a flow field nearly at rest as the vocal fold open again, and the cycle repeats. 
Acoustic Results
Two monitoring points are used to measure the simulated acoustic pressure for each approach and the different geometries. The first monitoring point is at the end of the larynx, and the second is 1 cm downstream from the mouth. The idea is to analyse the acoustic pressure in the source region and after it has been modulated by the vocal tract.
For the vocal tract model /i/ the acoustic pressure at the monitoring point inside the source region is plotted in frequency domain in Fig. 4 . The two acoustic approaches show significant differences. The main frequency of 100 Hz and its harmonics are up to 20 dB higher in amplitude for the Lighthill case then for the PE case. Additionally, the relation between the frequencies are different, e.g. the highest peak is detected at 200 Hz for the Lighthill case, whereas with the PE approach the highest peak is found at the main frequency. For all other frequencies there does not seem to be any resemblance either. As mentioned earlier, Lighthill's acoustic analogy is aimed at the sound in the propagation region, therefore non acoustic components are the reason for the over estimation of the acoustic pressure inside the flow field.
The acoustic pressure at the monitoring point 1 cm away from the mouth opening is plotted in Fig. 5 , for both vocal tract models /i/ and /u/. In Tab. 1 the formants are separately given and put into contrast to those recorded by natural speech, as done by Story et al. [3] . In both cases the first formant is not in accordance with the natural speech, whereas for the second and third formants the error is below 10%. Since both numerical approaches show identical formants, we conclude that the discrepancy to natural speech in the first formant is caused by the geometrical deviation from the original geometry (especially by introducing the additional volume of the larynx-see Sec. 2.1). Now, we analyse the two acoustic approaches. Fig. 5a , which depicts the acoustic pressure for the vocal tract /i/, shows a good agreement between both approaches. The harmonics show different amplitudes of the main frequency of 100 Hz, its harmonics and for frequencies above 3 kHz. Nevertheless, the first two formants are identical in frequency and amplitude, which also holds for the frequency range in between. Regarding the vocal tract model /u/, as given in Fig. 5b , the amplitudes are in excellent agreement from the second to third formant. Whereas for frequency below 1 kHz the Lighthill approach show higher amplitudes, however the first formant is found at the same frequency for both cases. The overestimated harmonics by Lighthill's approach follows from the source region which shows a similar pattern of the harmonics.
The results show that, although their acoustic pressure in the source region significantly differ, both acoustic models capture the formants identical, at the observation point 1 cm from the mouth, in frequency and are in good agreement in amplitude. 
Summary and Conclusions
In the presented study Lighthill's acoustic analogy and the approach by the linearised perturbation equation are compared. We found that both methods are in good agreement for acoustics recorded outside the source region. However, inside the flow domain, Lighthill's approach overestimates the acoustic pressure with up to 20 dB.
Furthermore, the advantage of the hybrid method showed that with a single flow simulation different variations of the vocal tract could be performed. Although our larynx geometry was not in accordance with the realistic model by Story et al. [3] , the results showed a good agreement. Our model is therefore well suited to analyse the interaction of source region and vocal tract, which filters the acoustic signal.
